In the yeast Saccharomyces cerevisiae, meiotic recombination is initiated by transient DNA double-strand breaks (DSBs) that are repaired by interaction of the broken chromosome with its homologue. To identify a large number of DSB sites and gain insight into the control of DSB formation at both the local and the whole chromosomal levels, we have determined at high resolution the distribution of meiotic DSBs along the 340 kb of chromosome III. We have found 76 DSB regions, mostly located in intergenic promotercontaining intervals. The frequency of DSBs varies at least 50-fold from one region to another. The global distribution of DSB regions along chromosome III is nonrandom, defining large (39-105 kb) chromosomal domains, both hot and cold.
Meiotic recombination plays important biological roles at genomic and cellular levels: it creates the genetic diversity transmitted through the germ line and ensures the proper disjunction of homologous chromosomes during the first meiotic division that is necessary for the production of viable haploid gametes (1) (2) (3) . The complexity of these fundamental processes, conserved over the course of eukaryotic evolution, is not yet fully elucidated.
In the yeast Saccharomyces cerevisiae, a series of studies, mostly performed at recombinational hot spots, has shown that meiotic recombination is initiated by transient localized DNA doublestrand breaks (DSBs) occurring in early meiosis (4) (5) (6) (7) (8) , which are then repaired by interaction with the unbroken homologous chromosome to yield recombinant products (1) . The factors controlling the position and amount of the DSBs at few recombinational hot spots have been partially uncovered. (i) Most DSB sites are found located in intergenic regions containing transcriptional promoters (reviewed in ref. 1) but the occurrence of DSBs at other locations has been reported, including within the coding sequence of the HIS2 gene (9) and at uncharacterized positions in several artificial constructs (10) . (ii) The occurrence of DSBs is controlled by determinants of chromatin structure, as they occur in regions that are hypersensitive to DNaseI and micrococcal nuclease (8, (10) (11) (12) (13) . (iii) DSB sites are not sequencespecific (14) and are clustered at many positions throughout regions Ϸ50-200 nucleotides long (15) (16) (17) (18) . (iv) As shown by pulsed field gel electrophoresis experiments, DSBs occur at numerous locations within the genome and along the chromosomes (6, 8, 19, 20) . The factors controlling the overall distribution of DSBs are not known, but they are likely related to other aspects of the functional and structural organization of the chromosome as reported here. Finally, the formation of DSBs is also controlled by distant cis and trans interactions, as manifested by the reduction of DSB frequencies at one site in the presence of a strong DSB site nearby (10) or in the presence of heterozygosities between homologs (13, 17, 21) .
Taking advantage of the sequencing of the first yeast chromosome (chromosome III, ref. 22) , we have determined the distribution of meiotic DSBs along its 340 kb length, at a resolution of 100-500 bp. The identification of a large sample of DSB sites allows us to examine their locations and frequencies at the levels of both the single gene and the whole chromosome.
MATERIALS AND METHODS
Plasmids. pTy5 contains the YCL075w ORF (gift from D. F. Voytas, Iowa State University, Ames); pJH153 contains HIS4 (gift from M. Lichten, National Institutes of Health, Bethesda); Yep351 contains LEU2; pYJ007 and pYJ006 contain YCR032w and YCR033w, respectively (gift from P. Slonimski, Centre de Génétique Moléculaire, Gif-sur-Yvette, France); pBUD5 and TSM1-L1 contain BUD5 and TSM1, respectively (gift from M. Jacquet, Université Paris-Sud, Orsay, France); a subclone of the PM5239 clone contains YCR047c and YCR048w (gift from L. Grivell, Universiteit van Amsterdam); YRP7-12 contains RAD18 (gift from F. Fabre, Institut Curie, Paris); 9189⌬13 contains YCR098c (gift from F. Sor, Institut Curie, Orsay, France). Other ORF-specific probes were generated by PCR and cloned into the pBluescriptKS ϩ vector. Yeast Strains and Sporulation. The strain used in this study is the diploid ORD1181 obtained by mating NKY1000 (Mat␣, ho::LYS2, lys2, ura3, rad50SKI81 . URA3) and NKY1001 (Mata, ho:: LYS2, lys2, ura3, rad50SKI81 . URA3), obtained from N. Kleckner (Harvard University, Cambridge, MA). These strains are SK1 derivatives. Complementary experiments have been performed with the ORD307 diploid (14) , which is a S288C derivative. For sporulation, diploid cells were grown to a concentration of 2-5 ϫ 10 7 cells͞ml in yeast extract͞peptone͞acetate medium, washed once with water, and incubated at the same cell concentration in 1% potassium acetate at 30ЊC with vigorous shaking (23) .
Analysis of Meiotic DSBs. Pulsed-field gel electrophoresis shown in Fig. 1A has been made with DNA extracted in agarose plugs according to Bio-Rad recommendations. For high-resolution mapping, DNA from vegetative and meiotic cells was purified with Qiagen (Chatsworth, CA) columns. One microgram of DNA was digested with appropriate restriction enzymes. Standard gel electrophoresis and Southern blot analysis were done as described (14) and probed from the ends of the fragments of interest. The sizes of DSB fragments were measured by comparison with the ͞BstEII size marker and genomic double-digestions, which additionally allowed us to check the accuracy of the expected restriction map. Radioactive counts were quantified with a PhosphorImager (Molecular Dynamics). The frequencies of meiotic DSBs at t ϭ 5 h or t ϭ 6 h and t ϭ 7 h after transfer to 1% potassium acetate medium were calculated from the ratio of individual DSB signals over the sum of parental and all DSB peaks in each lane, corrected by subtraction of the ratio observed for vegetative cells (average of yeast extract͞peptone͞dextrose grown cells and t ϭ 0 h in 1% potassium acetate medium). These values, only based on standard gel electrophoresis experiments (not pulsed field) are not corrected for the efficiency of sporulation (Ϸ80% in ORD1181). The term ''cumulative DSB frequencies'' refers to the sum of all DSB frequencies within a given interval.
RESULTS
To examine meiotic DSBs on chromosome III, we have used the efficiently sporulating ORD1181 diploid strain (SK1 background), homozygous for the rad50S mutation (5). This mutation leads to the accumulation of unrepaired meiotic DSBs, which thereby greatly facilitates their mapping and quantification by Southern blot analysis. The locations of DSBs were determined by dividing chromosome III into 80 overlapping restriction fragments (10-20 kb each) and probing them from both ends. This allowed for the precise mapping and quantification of DSBs with respect to the nucleotide sequence (22) , taking into account the sequence differences of ORD1181 as described in the legend to Fig. 2 . Each segment of chromosome III was examined at least twice, except for the chromosomal end regions that cannot be uniquely probed with telomeric sequences, since these are repeated on other chromosomes (24) . Fig. 1 illustrates the experimental detection of meiotic DSBs in representative regions of the chromosome.
Meiotic DSBs Occur Almost Exclusively in Intergenic Promoter-Containing Intervals. Along the 340 kb of chromosome III, we have detected and mapped 76 regions where DSBs form, confirming that they occur in multiple regions as indicated by lower resolution studies based on pulsed-field gel electrophoresis (6, 19) and Fig. 1 A) and standard gel electrophoresis for three regions of chromosome III and VIII that comprise about 38 kb (8) . Fig. 2 shows our high resolution (100-500 bp) mapping of DSB regions with respect both to the physical map of the chromosome and to the distribution of ORFs (22) . Strikingly, the vast majority (68 of 76) of these DSB regions is located in intergenic promoter-containing regions. Intergenic regions containing either one promoter͞one terminator combination or two divergent promoters are equally subject to DSBs (50% and 56% of them have DSBs, respectively). Both cases are illustrated in Fig. 1B . Only two intergenic convergent-terminator regions, FUS1-YCLX8c and YCL12w-GBP2, have DSBs. In seven cases, DSBs are detected in coding regions: two of these are hypothetical ORFs (YCR25c and YCR41w), three flank the strongest DSB region (one in YCR47c, and two in YCR48w, one of which occurs in the putative promoter region of the overlapping YCR49c ORF, Fig. 1C ) and two are in TSM1 and GLK1, where multiple DSBs occur in both coding and 5Ј sequences (Fig. 1D) . Along chromosome III, among a total of 128 intergenic promotercontaining regions (22) that are expected to be located upstream of a gene transcribed by RNA polymerase II, 53% have DSBs. In contrast, among the 10 tRNA genes present on chromosome III, only the tRNA Leu located 5Ј of LEU2 is near a detectable DSB region, but our mapping resolution was not sufficient to determine whether these DSBs are upstream or downstream of this tRNA gene (Fig. 2) . These results suggest that RNA polymerase III promoters of tRNAs are less prone and even perhaps totally refractory to DSB formation. DSB Frequency Is Extremely Variable from One Region to Another. The frequency of DSBs per DNA molecule ranges from 0.2% (the level of detection) to 8.8% per DNA molecule at the previously identified YCR47c-YCR48w hotspot (6, 8) . Notably, four novel hotspot regions with a DSB frequency of Ͼ5% have been precisely mapped: GLK1 (6%), YCL25c-YCL24w (5%), YCR61w (5.7%), and HOM1 (5.3%) (Fig. 2) . Nevertheless, three quarters of DSB regions have a DSB frequency of Ͻ1%. There is no obvious relationship between the frequency of DSB formation and the length of the intergenic region, although we observe that the pattern of DSB signals often appears to be more diffuse or to be split into several subregions in the long intergenic intervals.
DSBs Are Clustered in Chromosomal Domains. The distribution of DSBs along chromosome III is heterogeneous and defines five chromosomal domains (Figs. 1 A and 3; domains I-V). Indeed, 70 of 76 DSB regions are clustered in two main regions, one on each arm. These domains are 68 kb (domain II: coordinates 39,000-107,000) and 105 kb long (domain IV: coordinates 190,000-295,000) with DSBs occurring in almost every intergenic promoter-containing interval (29͞32 and 36͞43 in the left and right arm clusters, respectively). The cumulative DSB frequencies per molecule in domains II and IV are 0.32 and 0.44, respectively. In contrast, the regions near the chromosomal ends contain few and only weakly detectable DSBs (domains I and V, coordinates 1-39,000 and 295,000-340,000, respectively), as does the 84-kb region between CENIII and YCR32w (domain III: coordinates 107,000-190,000) ( Fig. 1 A, E-G) . In this latter cold domain, the occurrence of DSBs at YCR25c represents a notable exception ( Fig. 1 E-F ) but its frequency of 1.5% over 800 bp remains relatively low. The clustering of DSBs in subregions of the chromosome suggests that DSB formation is not only controlled by local intergenic-promoter elements but also by large-scale chromosomal features.
The cold domain III contains two transposable elements in the strain ORD1181 (a Ty2 and a Ty1; see Fig. 2 ). To determine whether the absence of DSBs in this domain is related to the presence of Ty, we have mapped the distribution of DSBs in the strain ORD307 (derived from S288C background), which differs from ORD1181 by the presence of a Ty2 (Ty2-17) upstream of LEU2 and the absence of Ty2 near coordinate 150,000 (22) . The two strains show a similar DSB distribution in these regions, with DSBs upstream of YCL25c (6 kb upstream of the Ty2-17 locus) and LEU2 (immediately downstream of the Ty2-17 locus), but no DSBs around coordinate 150,000 (data not shown). Thus the presence of Ty does not seem to correlate with the absence of DSBs in regions in which they are inserted (see Discussion).
DISCUSSION
The main results of this report are: (i) DSBs occur during prophase I of meiosis in 76 regions along chromosome III; (ii) most of the DSB regions (89%) are localized in intergenic promoter-containing intervals; (iii) DSB regions are strongly clustered in two domains, one per arm, where almost all intergenic promoter-containing intervals have DSBs with variable frequencies (0.2-8.8% per molecule); in contrast, DSBs are rare near the chromosomal ends and in the internal region between CENIII and CRY1; and (iv) the cumulative frequency of DSBs for the whole chromosome is at least 0.81. The implications of these findings for the local control of DSB formation and how the distribution of DSBs relates to overall chromosomal structure are discussed below.
Local Control of DSB Formation. In agreement with information obtained from previously studied recombination hotspots (1) and from the DSB regions mapped by Wu and Lichten (8) over 30 kb of chromosome III, the present data demonstrate that almost all DSBs along chromosome III occur in promoter-containing intergenic intervals. What is the reason for this specificity? So far, no consensus sequences have been yet identified by DNA sequence comparison of intergenic regions proficient for DSB formation. One common feature of DSB regions is their preferential chromatin accessibility. Indeed, all natural and artificial DSB regions studied are located in regions of chromatin that are hypersensitive to DNaseI and micrococcal nuclease (8, (11) (12) (13) . Thus, DSBs may occur where nucleosomes are absent or disrupted and the underlying DNA is exposed to the DSB-forming nuclease activity. Additionally, experiments with micrococcal nuclease have revealed an increase of accessibility of the DSB regions early in meiosis (11) but the factors that change the meiotic state of chromatin are not known. The deletion of cis-acting transcriptional elements of the ARG4 and HIS4 genes has been found to affect the amount and location of DSBs (14, 27, 28) , but the relationship among transcriptional activity, DSB formation, and chromatin accessibility remains to be clarified (reviewed in ref. 1).
The rare cases when DSBs occur in non intergenic-promoter regions may also be explained in terms of chromatin accessibility, either due to the presence of an unidentified promoter (or promoter-like elements) or to the formation of a promoterindependent open chromatin structure. Indeed, DSBs in the YCR48w coding region might reflect the existence of an internal promoter, since there is a putative ORF (YCR49c) encoded on the opposite strand. Multiple DSBs also occur in the coding sequence of the GLK1 gene, which has a high transcript level in both vegetative and meiotic cells (data not shown). At the ARG4 locus, however, DSB formation is inhibited by overlapping transcription (29) . The cases of DSBs occurring in the coding regions of GLK1 and HIS2 genes (9, 20) show that DSB inhibition by transcription through a gene can be overcome. Still to be elucidated is whether the formation of DSBs within coding regions is controlled by internal specific sequences or by distant cis-acting elements. Additionally, the intergenic terminator-convergent region between FUS1 and YCLX8c, where DSBs occur at a relatively high frequency (2.7%), contains an origin of replication (ARS306). Origins of replication are bound by the origin recognition complex proteins and have an easily unwound domain that is required for their function (reviewed in ref. 30 ). Thus, the presence of ARS306 might create an accessible chromatin structure competent to form DSBs. The occurrence of DSBs in other replication origins that are in DSB-rich domains does not contradict this hypothesis, but may be explained solely by their location in promoter-containing intervals.
Why Are DSBs Clustered in Chromosomal Domains? One hypothesis is that the clustering of DSB regions may simply reflect a serendipitous arrangement of DSB-proficient genes, each individually controlled. In this direction, we have examined the relationships between overall gene distribution or transcription patterns and DSB domains. All domains contain numerous genes (Fig. 2) and therefore the absence of DSBs in the cold domains is not due to an unusually low gene density. The levels of chromosome III transcripts have been studied systematically in vegetative cells and ranked from level 1-5 (most expressed) (31) . We observe that the transcript levels in both telomeric domains (I and V) are biased toward the low levels (rank 1-2) but the internal domains with DSBs (II, IV) and without DSBs (III) have a similar pattern (ranking 2-4). Therefore, unless the global gene transcription pattern in meiosis is region-specific and not regu- lated at the single gene level as in vegetative cells, it is unlikely that the DSB clustering reflects major differences in transcriptional activities.
Alternatively, the clustering of DSBs may be caused by a novel type of long distance control that is superimposed on individual gene controls. A strong argument in favor of a large scale control is the general observation that the displacement of DNA fragments potentially able to form DSBs from one location to another in the genome is frequently associated with a change in their behavior (10) . Interestingly, on chromosome III, the level of DSBs in a fragment containing the ARG4 gene and pBR322 sequences is maximal upon insertion at HIS4 and LEU2 (in DSB-rich domain II), intermediate at MAT (at the flank of DSB-rich domain IV) and minimal at CHA1 (in DSB-poor domain I), in good correlation with the hot and cold chromosomal domains we have identified here. Such a control may be related to the DNA replication process, because DSBs occur after premeiotic DNA replication (23); it may also involve a high order arrangement of chromatin structure; finally, it may be mediated by the overall chromosome structure, which could be controlled by either some cis-acting short sequences or long-range variations of the primary DNA sequence along the chromosome. These different proposals are discussed below.
Origins of replication and centromeres are known to overlap nuclear scaffold attachment sites, which are involved in higherorder organization of the chromatin fiber, defining units of chromosome compaction (32) . CENIII is also a replication fork pause site in both vegetative and meiotic S phases (25) . These elements that participate in the architecture of the chromosome might determine the structural domains. To test this view, we have compared the DSB domains to the distribution of chromosome III replication origins, which are all known and used during both vegetative growth and meiosis (refs. 25 and 26; C. Newlon, personal communication). It is noteworthy that there are replication origins at three of the edges of the two DSB-rich domains (ARS305, ARS307, and HMRE), and that CENIII is, near ARS307, at the right limit of domain II. In support of a role for the replication origins, it has been shown that ARS307 enhances both gene conversions and crossovers (33) . The presence of DSBs near ARS310 in domain III might reflect a similar situation (Fig.  1 A, E, and F and Fig. 2) . Nevertheless, even if replication origins participate in the DSB domain control, they do not dictate their establishment, as indicated by the presence of replication origins in both the DSB-rich domains II and IV (ARS306, ARS314, and ARS315), at their flanks (ARS305, ARS307, and HMRE) and in the DSB-poor internal domain III (ARS309 and ARS310). The late replication of yeast telomere regions observed in vegetative cells, including chromosome III (34), might contribute, if it is also the case for premeiotic replication, to inhibit DSB formation in these regions that are free of DSBs over at least 25 kb (20) .
One might also envisage that higher-order arrangement of chromatin structure, independent of transcription or DNA replication, may lead to activation or repression for DNA accessibility. A well characterized example of a chromosomal domain effect in S. cerevisiae is transcriptional silencing in the vicinity of telomeres. The machinery responsible for this phenomenon also prevents both transcription and HO endonuclease cleavage of the HML and HMR silent mating-type cassettes on chromosome III (reviewed in ref. 35 ). These silencing effects are thought to be mediated by the formation of a ''heterochromatin-like'' structure, involving numerous proteins including Sir3, Sir4, and Rap1 that localize in the spaces where telomeres are clustered, near the nuclear membrane (35) (36) (37) . To test whether this silencing mechanism is involved in DSB domain formation, we examined the distribution of meiotic DSBs in a sir4 mutant. As in the wild-type, we observed no DSBs in the left telomere region (data not shown), indicating that the low frequency of DSBs in this region is not due to the spreading in meiosis of this SIR silencing mechanism. It can be noted that we have never detected DSBs within or immediately upstream of a Ty sequence, that may be related to their poor ability to recombine (38) . By comparing two strains differing with respect to Ty insertions, we found that the presence of Ty does not change the DSB distribution in the region where it is inserted, suggesting that whatever the mechanism preventing DSB formation at Ty promoters, it does not affect adjacent sequences.
Another interesting example of a chromosomal domain control concerns the choice of the donor locus on chromosome III during mating-type switching (HML␣ or HMRa), which is strongly position-dependent (39) . In MATa cells, a donor (i.e., mating-type copy) located on the left arm of chromosome III is highly preferred. This preference depends on the presence of a 700-bp recombinational enhancer (39) . In cells where ␣2 is expressed (MAT␣ cells) or in which the recombinational enhancer is lacking, the left part of chromosome III is specifically repressed and does not act as a donor in mating-type switching. How this donor preference is related to chromosomal architecture and dynamics is not known, but it clearly demonstrates that a short cis-acting sequence can act to control chromosomal interactions over long distances.
Finally, we may also consider features of the DNA primary sequence, of which variations along chromosomes are suspected to reflect some aspects of chromosome organization. Computer analysis of the GC content along yeast chromosome XI shows a heterogeneous distribution with peaks separated from each other by roughly 90-100 kb (40) . On chromosome III, there are two GC-rich regions located within coordinates 40,000-80,000 and 205,000-265,000, which broadly coincide with the DSB-rich domains (41) , suggesting a general relationship that remains to be interpreted. Do DSBs Initiate All Recombination Events? Previous studies of a few meiotic recombinational hot-spots in yeast (1) and of the 20 kb chromosome III region between LEU2 and CEN3 (8) suggested that meiotic DSBs initiate a large fraction of both noncrossover (gene conversion) and crossover events. The precise determination of the DSB distribution along chromosome III allows for an examination of the relationship between DSB formation and recombination over the whole chromosome.
The first question is the relationship between the amount of DSBs and the genetic distances. chromosome III subdivided into 12 intervals between the HML and HMR loci (280 kb), and indicates genetic distances measured in cM (42) , physical distances (kb) (22) , and the cumulative frequencies of DSBs per interval (data from Fig. 2) . In yeast as in other organisms, the amount of cM͞kb, which reflects the density of crossovers per unit of physical distance, is extremely variable from one chromosomal region to another. Along chromosome III, it varies Ͼ10-fold, from 1.24 cM͞kb in the hot MAT-THR4 interval to 0.08 cM͞kb in the extremely cold CENIII-PGK1 interval. Therefore, taking into account the ratio of cM͞kb and DSB frequencies, chromosome III seems to reflect three types of situations. (i) There are two hot or average regions (Fig.  4, s) , one per arm, corresponding to the HML-LEU2 and MAT-ABP1 intervals with an average of 0.64 and 0.77 cM͞kb respectively, correlating well with a high level of DSB formation (0.40 and 0.61% DSB͞kb, respectively), which strongly suggests that most if not all recombination events in these regions are initiated by DSB lesions. (ii) This situation corresponds to cold regions (Fig. 4, Ⅺ) , where recombination is rare due to infrequent DSB formation (LEU2-PGK1 and CRY1-MAT intervals). (iii) Exemplified by the PGK1-CRY1 interval and to a lesser extent the ABP1-HMR interval (Fig. 4, u) , DSBs are rare but recombination occurs substantially. Several hypotheses may explain this unexpected last situation: (i) an overestimate of the genetic distances that are taken from the published map compiled from various strains (42) but not measured in the SK1 strain used for this DSB study-differences between strains are known to occur as reported here for the physical distance (see legend for Fig. 2) ; (ii) an underestimation of the frequencies of DSBs if low levels of hardly detectable DSBs occur all along the chromosome with or without preference for the promoter regions; and (iii) finally, the possibility that some crossovers might be initiated by other potentially recombinogenic lesions, such as single-strand DNA nicks or gaps, although nicks have not been detected in the vicinity of several DSB regions (15) (16) (17) . Further studies will try to discriminate between these possibilities. First, the genetic distances have to be examined in the SK1 strain to accurately correlate DSB and crossover frequencies along the whole chromosome.
The second question concerns the frequency of DSBs per chromosome per meiosis because it is assumed that the occurrence of at least one crossover per pair of homologous chromosomes is necessary to ensure their proper segregation at the reductional division of meiosis (2) . Our estimate of the cumulative frequency of DSBs for chromosome III as a whole is 0.81 DSB per molecule. As four chromatids are present during prophase I of meiosis, and assuming that half of the DSB repair events are associated with an adjacent crossover, as found for recombinational hot-spots (43), our minimal estimate of 1.62 crossovers (0.81 ϫ 4͞2) is sufficient to ensure at least one crossover per meiosis along chromosome III.
It is generally recognized that among organisms, the total amount of recombination does not vary in proportion to the genome size. For example, the yeast genome, which is 13.5 Mb long, has a total of Ϸ4,500 cM (42) and contains Ϸ6,000 genes (44), whereas the human and mouse genomes are estimated to be 3,300 Mb long (250-fold the yeast genome size), have 3300 cM but may contain about 70,000-100,000 genes (15-fold the yeast gene number) (45) . Altogether, the variations of gene numbers and the existence of two controls, at the gene and at the chromosomal levels, provide modulations that can contribute to the variation of recombination features between different regions of a chromosome, within a genome, sex-specific differences (46) and between organisms. The present data suggests that one factor that might modulate the amount of recombination within a genome is the number of genes (promoters), which presumably varies less among organisms than does genome size.
